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ScienceDirect1 While we limited ourselves to more in vivo and cell biology studies,
additional applications of dual-labeling for fluorescence spectroscopy
and dynamic structure determination experiments are discussed in the
chapter by Haney, Wissner and Petersson in this volume in greater
detail.Genetic code expansion is emerging as an important tool
for manipulation and labeling of proteins in vitro and in
vivo. In combination with click-chemistry it allows site-specific
labeling of target proteins with small organic fluorophores.
This is achieved by cotranslational incorporation of
noncanonical amino acids (ncAAs) in target proteins via
orthogonal tRNA/amino-acyl tRNA synthetase pairs. In a
subsequent step, ncAAs are labeled with small dyes via click-
chemistry. Small labeling tags and free choice of which
fluorophore to use and where to put it into the protein are of
particular importance for single molecule science and
superresolution microscopy. Such genetically encoded click
chemistry tools facilitate high resolution studies of protein
function in live cells, viral imaging, as well as the improved
design of antibody-drug conjugates.
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Introduction
Site-specific incorporation of noncanoncial amino acids
(ncAAs) by genetic code expansion offers numerous
novel possibilities for manipulation and labeling of
proteins in vitro in a test tube, as well as in vivo in cell
culture or at the whole organism level. NcAAs bearing
various functional handles (for labeling, crosslinking,
photoactivation, etc.) can be incorporated in bacteria,
yeast, mammalian cells, plants and even animals, such as
C. elegans and D. melanogaster [1,2,3]. Particularly inter-
esting are clickable ncAAs which can be coupled to
different probes via click-chemistry [4]. The biggest
advantage of such labeling is that it can be done site-
specifically with single residue precision anywhere in a
protein of interest (POI).Current Opinion in Chemical Biology 2015, 28:164–173 A prerequisite for the site-specific incorporation of a ncAA
is the use of an amino-acyl tRNA synthetase (RS) and its
cognate tRNA which are not cross-reactive with any of the
host tRNA/RS pairs, a property called orthogonality. In
that regard, Escherichia coli Tyr and Leu tRNA/RS pairs
are commonly used in yeast and mammalian cells, Metha-
nococcus jannaschii Tyr tRNA/RS pair in E. coli, and
Methanosarcina pyrrolysine tRNA/RS pair in bacteria
and eukaryotes [1]. Despite their different origins, all
these orthogonal tRNA/RS pairs have in common that
they can incorporate their substrate ncAA in response to a
unique codon during POI translation. Instead of repro-
gramming sense codons, stop codons are most frequently
used to target orthogonal tRNAs to one specific site in a
POI, as this bypasses competition with naturally occur-
ring tRNA/RS pairs. Due to its lower abundance in
prokaryotes, the most widely used is the Amber (UAG)
codon, but other stop codons can also be exploited. In
addition to stop codons, blank quadruple codons can be
used, as was done in bacteria [5,6] and even mammalian
cells [7]. To encode a ncAA, the substrate binding pocket
of the RS typically has to be engineered so that no cognate
AA, but only the desired ncAA of choice is accepted. This
frequently requires multi-step protein engineering and
selection procedures [1]. As pyrrolysine is not a natural AA
in bacteria and eukaryotes, the archaeal tRNA/RS pair
that encodes for pyrrolysine (the 22nd natural amino acid)
in Methanosarcina has shown great merits in the genetic
code expansion field as it does not recognize natural AAs.
Meanwhile, multiple tRNA/RS pairs targeting different
codons exist that permit incorporation of a variety of
clickable ncAAs. This can for example be used for single
or dual-color labeling of proteins. The latter is already a
routine tool for probing the structure and function of
purified proteins with single molecule FRET1 (Fo¨rster
resonance energy transfer) [2,8,9].
Also at the whole cell level, labeling via click-chemistry is
gaining a lot of interest as it represents the smallest
available, and thus in principle the least invasive, labeling
tag. Only one amino acid is modified and in principle any
fluorophore can be attached directly to the POI in livingwww.sciencedirect.com
Genetically encoded click chemistry Nikic´ and Lemke 165cells. This is particularly useful for systems which cannot
easily be labeled with larger labeling probes, such as
viruses, as we will discuss later. In addition, the small
size of the tag can permit increased labeling density – a
parameter of crucial importance for superresolution mi-
croscopy (SRM) [10,11]. In that regard, we will discuss
recently developed SRM compatible method for virus
and protein labeling in living mammalian cells [12] and
the potential to go beyond cellular imaging [13]. Since
click-chemistry labeling is an extraordinary versatile tool,
and in principle any probe with a suitable chemistry can
be coupled to POIs, it also has a tremendous impact
outside of the fluorescence field, which we will briefly
discuss in another related application, where two ncAAs
were used to generate and visualize antibody drug con-
jugates [14].
Click-chemistry as a dual-color labeling tool
for SRM and FRET
Labeling proteins modified with ncAAs via click-chemis-
try is a two-step process: in the first step, ncAAs bearing
clickable functionalities are site-specifically incorporated
into the POI by means of genetic code expansion tech-
nology. In a subsequent step, ncAAs are labeled via click-
chemistry reactions. Until now, a plethora of ncAAs
bearing azides, ketones, tetrazines, alkynes, and alkenes
functionalities etc. in their side chains have been devel-
oped [1–3].
The type of the ncAA side chain will determine the
choice of subsequent labeling reaction (please see
Table 1 for a selection of those ncAAs for which we
describe applications in greater detail in Figures 1–4):
aliphatic alkynes react with azides in copper(I)-catalyzed
azide–alkyne cycloaddition (CuACC), ketones with
hydroxylamines, strained alkynes with azides in cop-
per-free strain promoted alkyne–azide cycloaddition
(SPAAC), and strained alkynes or alkenes with tetrazines
in strain promoted inverse-electron-demand Diels–Alder
cycloaddition (SPIEDAC) [1,15,16]. Of all these reac-
tions, SPAAC and SPIEDAC proceed at physiological
conditions, and are in principle particularly suitable for
live cell labeling [17,18]. Another important feature of
SPAAC and SPIEDAC for fluorescence science is their
potential fluorogenic character. In a fluorogenic reaction,
the dye switches from a dark to a bright state only upon
successful conjugation to its substrate. This can for ex-
ample be achieved by clever integration of the azide
group in the dye scaffold [19,20] or the use of the intrinsic
quenching property of tetrazines when coupled to dyes
[21,22]. It is thus particularly beneficial if the required
strained alkyne or alkene is genetically encoded, and not
the ncAAs bearing azide or tetrazine side chain. This
confers an additional advantage as strained ring amino
acids are usually more stable during the long-term ex-
pression in cells than many azides and tetrazines [23].
Since imaging of more than one biological entity is verywww.sciencedirect.com common and demanded in biology, combinations of
SPIEDAC and SPAAC reactions are even more attractive,
since they can be orthogonal to each other and used for
dual-color labeling [17,24,25]. However, to achieve dual-
color labeling of the same POI with two different ncAAs,
we do not only need two orthogonal click-reactions but
we also need two mutually orthogonal tRNA/RS pairs
which can specifically incorporate two distinctly clickable
ncAAs.
The only system that has so far enabled incorporation of
ring strained clickable ncAAs in mammalian cells is
pyrrolysine tRNA/RS from Methanosarcina. It was even
found that a particular double mutant of this pyrrolysine
tRNA/RS pair makes the binding pocket promiscuous to
recognize a variety of strained alkynes and alkenes. This
omits need for tedious evolution/selection protocols and
permits novel multi-color applications as discussed in the
following [12,17,26].
The promiscuity of pyrrolysine RS was exploited by
Lemke and colleagues to introduce two clickable ncAAs
in a time-dependent (pulse-chase) manner. During ex-
pression of insulin receptor (IR), cells were first incubated
with one ncAAI, which was then chased with a second
ncAAII [12]. Such experimental design permits follow-
ing different populations of the same protein, which can
be of relevance for studies of protein trafficking, synthe-
sis, sorting and fate. The result was two uniquely reactive
ncAAs installed site-specifically in two different IR popu-
lations, differing by their age (Figure 1). Two populations
of IR were selectively labeled with a combination of two
fast SPIEDAC reactions (Figure 1b and c). These two
reactions were found to be orthogonal to each other under
tested conditions which was the first report of two fast
genetically encoded SPIEDAC reactions (Figure 1d,
kon,I = 1180 M
1 s1 and kon,II = 700 M
1 s1)[27]. The
authors also tried a combination of SPAAC and SPIE-
DAC. However, not surprisingly, SPAAC was too slow for
labeling (kon,SPAAC  1 M1 s1) and only possible when
using high dye concentration and long incubation times
which compromised viability of the cells [12,28]. This
study was also the first to demonstrate the potential
of click-chemistry based protein labeling for SRM
(Figure 1c).
As a follow-up, a recent study showed labeling of cyto-
skeletal proteins actin and vimentin inside mammalian
cells [29], which due to their high abundance, high local
protein concentration and distinct morphology in cells are
frequently used to establish SRM imaging conditions.
Intracellular labeling of low abundant proteins is more
challenging and remains to be achieved.
Labeling of two distinct proteins or two positions in
a single protein would further expand the scope of
click-chemistry labeling as it would for example enableCurrent Opinion in Chemical Biology 2015, 28:164–173
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Table 1
Overview of a subset of click-chemistry labeling reactions as used in the applications described in Figures 1–4.
NcAA functionality Dye functionality Type of labeling reaction Reference, used in Figures 1–4
Ketone
COOH
pAcF
H2N
H3C
O NH2 O
Hydroxylamine Oxime ligation [14]
N3
O
O NH
AzK
COOHH2N
Azide DIBO-alkyne SPAAC [14]
Strained alkyne
H2N H2N
NHNH O
OO
O
COOH
SCO BCN
COOH
Azide
N3
SPAAC [26]
Tetrazine
N N
NN
R
SPIEDAC [12,17,26]
Strained alkene
H2N H2N
O
O
O
O NH NH
COOH
CP TCO*
COOH
Tetrazine
N N
NN
R
SPIEDAC [12,13,17]dynamic studies of protein behavior through FRET. As
mentioned, for this we need two tRNA/RS pairs encoding
two distinct ring strained ncAAs for two orthogonal reac-
tions, which has to date not even been achieved in E.
coli. Instead, recently a combination of M. jannaschii Tyr
tRNA/RS and pyrryolsine tRNA/RS was used to label two
positions in a single protein for bulk FRET experiments
by incorporating tetrazine and alkene-bearing ncAAs [30].
M. jannaschii Tyr tRNA/RS pair was used to incorporate a
tetrazine bearing ncAA (which reacts with bicyclononyne
– BCN dyes) and pyrrolysine tRNA/RS pair was used
to incorporate alkene-bearing ncAA (a norbornene ncAA
which reacts slowly with tetrazines: reaction rate
kon,norbornene  1 M1 s1) into calmodulin. Calmodulin
was then first labeled with BCN and then with tetra-
zine-containing dyes. In addition to sequential labeling,
one pot labeling was also achieved where terminal alkyneCurrent Opinion in Chemical Biology 2015, 28:164–173 and cyclopropene bearing ncAAs were incorporated and
then labeled with azide and tetrazine-dyes simultaneously
[31]. The disadvantage of such one pot labeling strategy
was the need for copper as a catalyst, which can be
detrimental to many proteins and live cell labeling studies.
Click-chemistry as a virus labeling tool
Another important application of genetic code expansion
facilitated click-chemistry labeling is for virology studies.
Labeling of viruses is important for visualization of viral
life cycle: virus–host interactions/infection, internalization,
replication, etc. All these studies are frequently hindered
by the fact that direct virus labeling remains challenging.
Due to their small and compact genomes, viruses often
contain overlapping open reading frames (ORFs [32],
Figure 2a) and they frequently use noncanonical transla-
tional mechanisms, such as ribosome frameshifting, leakywww.sciencedirect.com
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Dual-color labeling of insulin receptor (IR) for superresolution microscopy (SRM). (a) Transfected HEK293T cells were sequentially incubated with
two ncAAs (ncAAI and ncAAII) and labeled with two orthogonal SPIEDAC reactions. (b) Specific labeling of two distinct IR populations — ncAAI
(TCO*) reacted with methyl-tetrazine and ncAAII (SCO) reacted with H-tetrazine. (c) Widefield (left) and ground state depletion with individual
molecule return (GSDIM, right) images of IR. Below inset from right panel is shown. Scale bar is 1 mm. (d) Scheme showing different SPIEDAC and
SPAAC reactions between strained alkynes (BCN, SCO), strained alkene (TCO*) containing ncAAs and azides (blue), H-tetrazines (green) and
Methyl-tetrazines (red). Reactions rate are indicated (in M1 s1) and with thickness of lines for each reaction as measured in Ref. [27]. Dashed
line means that no reaction was observed under tested conditions.
Source: Panels b, c, and d adapted from Ref. [12].scanning, internal ribosomal entry sites, etc. [33]. Such
noncanonical translational mechanisms make labeling of
viruses with standard genetic tools very challenging, since
introduction of any kind of larger labeling tag will not only
lead to the desired fusion protein, but likely also results in a
scrambled sequence of other proteins within the overlap-
ping ORFs (Figure 2b). It has been shown that GFP
fusions to viral proteins can affect infectivity and behavior
of viruses. For example gag and pol genes of HIV-1 overlap
and a translational frameshift is required for the synthesiswww.sciencedirect.com of the Gag-Pol precursor protein. That is why making gag-
gfp fusion scrambles the Pol protein and why gfp-gag cannot
be used in the context of formation of functional viral
particles [34]. With only one amino acid change in form of
ncAA, which can in principle be put anywhere in the POI,
impact on other proteins encoded by alternative ORFs can
be minimized (Figure 2c).
Recently, Influenza viral like particles (VLPs) were la-
beled with SRM compatible dyes via click-chemistryCurrent Opinion in Chemical Biology 2015, 28:164–173
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Click-chemistry based labeling of viral proteins. (a) Viruses often contain small and compact genomes with overlapping ORFs. (b) When ORF A is
fused to GFP (depicted in green), this will lead to the scrambled protein B. (c) In case of ncAA labeling, only one amino acid (depicted in white) is
changed and that is why the frame of ORF B is not affected. (d) Widefield image of Influenza Virus-like particles shown on left and GSDIM images
on the right, including the line profile (graph on the bottom right). Scale bar is 1 mm.
Source: Panel d adapted from Ref. [12].[12]. Analog to the aforementioned IR labeling, a com-
bination of two SPIEDAC reactions allowed dual-color
labeling (Figure 2d). Such dual-color labeling scheme
could be of interest for studies of newly synthesized
versus old proteins during virus replication, maturation,
etc.
Moreover, the Chen group used genetic code expansion
to label the surface of live infectious Hepatitis D virus
[35]. The authors used pyrrolysine tRNA/RS pair toCurrent Opinion in Chemical Biology 2015, 28:164–173 incorporate a set of pyrrolysine analogues which did
not interfere with virus maturation and could be used
for virus labeling with fluorescent dyes and biotin. Study
of different mutations for placing the Amber codon and
subsequent suppression showed that the infectivity can
vary greatly — because of this it is important to test
different labeling positions [35]. This is another reason
why the versatility of site-specific labeling is very benefi-
cial and represents one of the most promising approaches
for virus labeling.www.sciencedirect.com
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Another application where click-chemistry labeling is
showing great promise is the production of antibody drug
conjugates (ADC). ADCs are a class of targeted thera-
peutics, consisting of cytotoxic drugs linked to monoclo-
nal antibodies recognizing tumor specific antigens [36].
This ensures targeting of the drug to the tumor cells
(Figure 3a). Several factors determine the efficiency,
pharmacokinetics, etc. of such therapeutics. The choice
of antibody and the drug itself are important, but also
appropriate labeling sites, linkers and conjugation
approaches need to be considered. There are several
ways to attach drugs to ADCs. Most widely used is
labeling via lysine residues. However, such mechanisms
lead to heterogeneity in terms of where and how many
drug molecules are attached which can result in decreased
efficiency due to heterogeneity of the ADCs (Figure 3a).
By increasing the homogeneity improved pharmacokinet-
ics and reduced side effects have been observed. In that
sense, site specific labeling offers great hope which was
recently exploited by the Schultz lab [37,38]. In 2013,
Schultz and colleagues developed even more improved
ADCs with dual functionalities [14]. They combinedFigure 3
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Labeling of ADCs. (a) ADCs are specifically targeted to tumor cells. Labelin
populations of ADCs functionalized with different number of cytotoxic drug 
orthogonal E. coli Tyr and pyrrolysine tRNA/RS pairs to incorporate ncAAs 
ncAAs were labeled with cytotoxic drug via oxime ligation and with fluoresc
www.sciencedirect.com protein expression in mammalian cells using the E. coli
Tyr tRNA/RS pair and pyrrolyinse tRNA/RS pair to
introduce p-acetylphenylalanine and azide containing
ncAA (azido-lysine), respectively. After antibody produc-
tion and purification, the p-acetylphenylalanine side
chain was conjugated to the cytotoxic drug via oxime
ligation and the encoded azido-lysine was labeled with
the azide reactive Alexa Fluor 488-DIBO (dibenzocy-
clooctyne)-alkyne dye (Figure 3b) in a copper-free click
reaction. Such dual labeling allows more-in-depth studies
of ADCs’ mode of action, since fluorescent labeling allows
for more quantitative uptake assays to be performed. In
addition, such dual-function labeling could be exploited
for attaching two drugs, or one drug and a
positron emission tomography (PET) tracer for imaging in
living organisms. While it was not necessary for the goal of
the study by Xiao et al., an extension to SRM visualization
would have easily been possible [14].
Click-chemistry in higher organisms
Since ncAAs are incorporated during protein translation in
living cells, there is no conceptual reason why their
incorporation could not be applied to whole organisms.tumor specific antigen
tumor cell
O
O
N N
N
O N
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N N
N N
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g via native amino acids (lysine, cysteine) leads to nonhomogenous
molecules. (b) The Schultz group used a combination of mutually
bearing ketone and azide, respectively [14]. In a subsequent step,
ent dye via alkyne-azide cycloaddition.
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170 Synthetic biomolecules
Figure 4
proteome
labeling
microscopy
in situ
labeling
proteome
extraction
tissue specific
expression
of tRNA/RS pair
Current Opinion in Chemical Biology
Whole animal genetic code expansion and labeling. Pyrrolysine tRNA/RS can be expressed tissue-specifically in D. melangoster. Pyrrolysine tRNA
anticodon loop can be mutated to recognize sense codons which can be used for tissue specific proteome wide incorporation of ncAAs (shown
on the left). Proteins from specific tissue can be identified by tetrazine labeling and used for mass spectrometry analysis (such experiment was
done in Ref. [13] for ovarial tissue). The figure also shows a virtual experiment in which whole animal genetic code expansion could be used for
tissue/cell specific in situ labeling and microscopy (shown on right).Indeed, the genetic code of D. melanogaster [39], C.
elegans [40] and plants (A. thaliana) [41] were expanded.
Recently, the pyrrolysine tRNA/RS pair was also used
to label proteins from specific tissues in D. melanogaster
[13]. Since pyrrolysine RS does not recognize the
anticodon loop of pyrrolysine tRNA, the tRNA was
mutated to recognize sense codons. Like this, ncAAs
could be incorporated proteome wide in a tissue specific
way. This opens novel possibilities for proteomics
studies as proteins synthetized in different tissues
can easily be identified by tetrazine labeling (again,
while not yet done, also conceptually possible at SRM
level) and pulled down for mass spectrometry analysis
(Figure 4).Current Opinion in Chemical Biology 2015, 28:164–173 Current limitations, future perspectives and
potential
Since ncAA are incorporated into target proteins during
translation, there is no limitation in terms of localization
of the target protein inside the cell. However, when it
comes to labeling, some locations might be easier to label
than the others. In that regard, labeling of surface proteins
and abundant cytosolic proteins seems easier, while la-
beling of not so abundant intracellular proteins is still
challenging. This is related to several challenges that
Amber codon suppression and click-chemistry labeling
bring, such as low efficiency of ncAA incorporation,
delivery of ncAAs and dyes, potential biological interfer-
ence and toxicity.www.sciencedirect.com
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cent applications like single molecule imaging and SRM
is to achieve the required high signal to noise. A particular
problem with intracellular click-chemistry labeling is that
the cytoplasm can be full of free (non-specifically sticking
or bound to tRNA or RS) ncAAs which can also react with
the dyes, and need to be washed efficiently prior to
labeling. That is why it is much easier to achieve labeling
at the cell membrane than inside the cell. For intracellular
labeling, new ncAAs which are more hydrophilic and can
be washed out easily would help to achieve higher signal
to noise. In addition, more improved and stable ncAAs
which would even further increase labeling efficiency [27]
are necessary, as well as more cell permeable and fluoro-
genic dyes [21,22,42,43]. Dyes that were used for insu-
lin receptor labeling [12], such as sulfonated-Cy5 and
Atto532 are negatively charged and do not penetrate the
membrane of living cells. For intracellular labeling of
cytoskeletal proteins [29], cell permeable silicon-rhoda-
mine dyes were used [43], but there is much room left to
further improve fluorogenicity of such dyes.
Furthermore, the yield of Amber codon suppression
needs to be increased. Since Amber is a naturally occur-
ring stop codon there is a constant competition between
orthogonal tRNA/RS pairs and translation termination
factors. To reduce this and increase the yield of ncAA
incorporation, attempts to knock-down components of
the host translational termination machinery which can
compete with Amber suppression seem to be very prom-
ising approach even in mammalian cells [44]. Another
problem in mammalian cells is the existence of nonsense
mediated mRNA decay (NMD) pathway, in which
mRNAs containing premature stop codons get degraded.
This also might reduce the yields of Amber codon sup-
pression. To overcome this, several Amber mutants of
POI need to be tested as different mutants are more or
less prone to degradation via NMD.
When it comes to dual-color labeling of two proteins or
two positions in single protein in mammalian cells, the
number of possible ncAAs to encode and to use in
different reactions is constantly growing (Hoffmann
et al. [27] and Wagner et al. [45] recently also showed
that different diastereomers of a ncAA can have very
different reactivity, see also Figure 1d). However, distinct
orthogonal tRNA/RS pairs that can target distinct strained
ncAAs to unique codons are much in need. In addition to
stop codons, quadruple codons could be used [7]. If the
level of unique quadruple codons suppression is more
increased in mammalian cells, they should even be a more
preferred choice than Amber codon for ncAAs incorpo-
ration. This is, because using naturally occurring stop
codon, such as Amber, leads to incorporation of ncAAs not
only in the engineered POI but in other proteins that
contain the Amber codon as a natural stop codon. Even
though around 20% of stop codons in mammals arewww.sciencedirect.com Amber, so far in labeling experiments, this ‘unwanted’
fraction does not seem to be a major ‘visible’ problem.
However, care must be taken when aiming to visualize
rare proteins or when Amber suppression is performed for
long time periods, where during the whole cell cycle
various proteins are transcribed. Such unwanted incorpo-
ration could lead to toxicity which still needs to be
investigated in mammalian cells. The fact that genetic
code expansion of whole animals was already achieved
[13,39,40] gives hope that toxicity will not be the major
issue. However with the aim of increasing Amber sup-
pression yields, this might become a problem.
While so far whole animal genetic code expansion was
used mainly for proteomics studies, considering the po-
tential that click-chemistry labeling has shown at the cell
culture level, it could also be exploited for in vivo imaging
(Figure 4). Labeling could be done with fluorescent dyes
for SRM or probes for PET [46–48], magnetic resonance
imaging (MRI) or ultrasound imaging [49] expanding the
scope of click-chemistry labeling towards clinically rele-
vant applications. With the resolution of SRM technology
constantly growing, there is a pressing need for using
small labels to facilitate as high labeling densities as
possible while not obstructing biological function
[50,51]. Click mediated genetic code expansion technol-
ogy fulfills exactly these requirements and further devel-
opments will thus permit to ultimately utilize the full
potential that SRM technology encodes for biomedical
research.
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